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The ULI11 tegument protein of herpes simplex virus plays a critical role in the secondary envelopment;
however, the mechanistic details remain elusive. Here, we report a new function of UL11 in the budding process
in which it directs efficient acquisition of glycoprotein E (gE) via a direct interaction. In vitro binding assays
showed that the interaction required only the first 28, membrane-proximal residues of the cytoplasmic tail of
gE, and the C-terminal 26 residues of UL11. A second, weaker binding site was also found in the N-terminal
half of UL11. The significance of the gE-UL11 interaction was subsequently investigated with viral deletion
mutants. In the absence of the gE tail, virion packaging of UL11, but not other tegument proteins such as VP22
and VP16, was reduced by at least 80%. Reciprocally, wild-type gE packaging was also drastically reduced by
about 87% in the absence of UL11, and this defect could be rescued in trans by expressing U, 11 at the U, 35
locus. Surprisingly, a mutant that lacks the C-terminal gE-binding site of UL11 packaged nearly normal
amounts of gE despite its strong interaction with the gE tail in vitro, indicating that the interaction with the
UL11 N terminus may be important. Mutagenesis studies of the UL11 N terminus revealed that the association
of UL11 with membrane was not required for this function. In contrast, the UL11 acidic cluster motif was found
to be critical for gE packaging and was not replaceable with foreign acidic clusters. Together, these results
highlight an important role of UL11 in the acquisition of glycoprotein-enriched lipid bilayers, and the findings

may also have important implications for the role of UL11 in gE-mediated cell-to-cell spread.

The egress of herpes simplex virus (HSV) from infected cells
is generally thought to follow the envelopment/de-envelop-
ment/re-envelopment paradigm (21, 37, 38). The viral capsids
are initially assembled in the nucleus of host cells, where they
bind particular “inner” tegument proteins, acquire a tempo-
rary envelope at the inner nuclear membrane, and then un-
dergo de-envelopment by fusion with the outer nuclear mem-
brane. After the addition of other tegument proteins during
capsid transport through cytoplasm, re-envelopment ensues at
the frans-Golgi network (TGN). There, the final complement
of tegument proteins and the glycoproteins occurs during bud-
ding, which is mediated by the interaction between tegument
proteins and the cytoplasmic tail of viral glycoproteins.

The focus of this study was the HSV UL11 tegument pro-
tein, which is a small (96-residue), myristylated and palmitoy-
lated protein and has homologues among all herpesviruses (30,
31). This peripherally bound membrane protein has been
shown to play an important role in the re-envelopment process
(2,17, 24, 25) and, consequently, mutants lacking UL11 exhibit
a large decrease in virion production and accumulate capsids
within the cytoplasm (2, 3, 17). Although the detailed mecha-
nisms remain poorly understood, it is likely that the block in
cytoplasmic envelopment is due in part to loss of the UL11-
UL16 interaction (27). UL16 is a capsid-associated tegument
protein that interacts with an acidic cluster (AC) in the first
half of UL11 (36). UL11-null mutants have revealed large
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defects in packaging of UL16 (3, 35), which is also required for
efficient virion production with null-mutants having an ~10-
fold reduction in titers (1). Although the membrane-binding
and UL16-binding functions reside in the N-terminal half of
UL11 (4, 26, 27), the C-terminal half is rather variable among
its herpesvirus homologues, and no definitive role has yet been
assigned. The data from the present study show that the non-
conserved C terminus of UL11 actually also encodes a function
to bind to the cytoplasmic tail of gE.

¢E is a 552-amino-acid (aa) type I membrane glycoprotein
and functions to inhibit complement activation and antibody-
dependent cellular cytotoxicity by forming a heterodimer with
¢l that binds to the Fc portion of antibodies (5, 20, 22, 29, 39).
gE also is required for efficient lateral spread of HSV, which
has been well documented by numerous studies (9, 10, 43).
Consequently, mutants lacking gE are attenuated and display
markedly reduced cell-to-cell spread in epithelial and neuronal
tissues both in vitro and in vivo (9-11, 32, 33, 43, 44, 46). The
third emerging function of gE is to promote secondary envel-
opment (6, 7, 15, 16), which works in conjunction with gD and
gM. Mutants lacking gE/gD (HSV) or gE/gM (pseudorabies
virus) accumulate large aggregates of unenveloped capsids in
the cytoplasm (7, 15, 23).

A single report has provided limited data to suggest that
ULL11 interacts in some manner with gE, as evidenced by co-
immunoprecipitation assays from infected cell lysates (16).
However, neither the details of the putative interaction nor the
significance of the interaction have been elucidated. The ex-
periments described in the present study confirmed the
ULL11-gE interaction, mapped the interacting sequences, and
showed their significance in secondary envelopment. We dem-
onstrate that UL11 interacts with the cytoplasmic tail of gE in
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a manner that does not require any other viral proteins or
eukaryotic host factors, and this interaction enables efficient,
mutual packaging of both UL11 and gE. The determinant for
UL11-mediated gE packaging was found to be the acidic clus-
ter motif, which could not be replaced with foreign equivalents
from HIV Nef or furin.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Vero cells were maintained in Dulbecco mod-
ified Eagle medium (DMEM; Gibco) supplemented with 5% fetal bovine serum
(FBS), 5% fetal calf serum, penicillin (65 pg/ml), and streptomycin (131 wg/ml).
All viruses were derived from the Kos strain that has been cloned into a bacterial
artificial chromosome (BAC) by David Leib’s laboratory (18). Mutant viruses
including AUL11, UL11(Myr-), UL11(Myr-)-GFP, UL11(CCC-), UL11(CCC-)-
GFP, and U1 have been previously described (3). For infection assays, Vero cells
were grown in DMEM supplemented with 2% FBS, 25 mM HEPES buffer,
glutamine (0.3 pg/ml), penicillin, and streptomycin.

The green fluorescent protein (GFP)-specific rabbit serum (diluted 1:4,000)
was raised against His,-GFP and recognizes both GFP and the Hisy tag (4). The
ULI16 peptide antibody (1:3,000) was raised in rabbits against an N-terminal
sequence (RPDSRAGARGTR). Rabbit anti-UL11 antibody was raised against
glutathione S-transferase (GST)-ULI11 and reported before (27). The polyclonal
glycoprotein E (gE) antibody was a generous gift from Harvey M. Friedman
(University of Pennsylvania) and used at a 1:3,000 dilution. Mouse monoclonal
antibody 3114 to gE was kindly provided by David Johnson, and used for im-
munostaining at 1:4,000 dilution. Mouse monoclonal anti-gD antibody (DL6)
was kindly provided by Gary Cohen and Roselyn Eisenberg (University of Penn-
sylvania) and used at a dilution of 1:15,000. Rabbit antibodies to VP22 (1:3,000),
VPS5 (1:15,000), and VP16 (1:3,000) were provided by Richard Courtney at the
Pennsylvania State University College of Medicine.

Construction of UL11 and gE expression plasmids. The gE cytoplasmic tail
was codon optimized and cloned into the vector pGEX-4T-3 at the sites of
BamHI and Xhol. For GST-gE.CT derivatives, all of the the constructs used in
the present study were created by QuikChange site-directed mutagenesis. The
plasmids pUL11-GFP and pUL11(1-50)-GFP were described previously (26). To
make pULI11(51-96)-GFP, U;11 codons 51 to 96 were cloned into vector
pEGFP-N2 at the sites Xhol and Kpnl in frame with the GFP-coding sequence.
The constructs included a Kozak core sequence (GCCACCATGG) for optimal
translation. Plasmids pUL11(51-70)-GFP and pUL11(71-96)-GFP were made
from pUL11(51-96)-GFP by deletion mutagenesis. pUL11(1-70)-GFP was made
by deleting the last 26 codons of Uy 11 from pUL11-GFP. To express the cor-
responding UL11 derivatives in Escherichia coli, the alleles were cloned into
pET-28a with In-Fusion Advantage PCR cloning Kit (Clontech) to generate the
following constructs: pUL11-GFP-His,, pUL11(1-50)-GFP-His,, pUL11(51-96)-
GFP-Hisg, pUL11(50-70)-GFP-Hiss, pUL11(71-96)-GFP-His,, and pGFP-His,.

Constructs pPCMV-gEACT and pCVM-gE.CT28 were generated from a eu-
karyotic expression plasmid pCMV-gE (12) by introducing stop codons after
codons for Trp-446 and Asp-470 (respectively) with PCR-based site-directed
mutagenesis. pPCMV-Src.gE.CT.HA was created by cloning the sequence encod-
ing the gE tail into pPEGFP-N2 vector at the sites of HindIII and BamHI. The gE
tail was tagged with the N-terminal 10-aa sequence (GSSKSKPKDS) from the
v-Src oncogene (47) and a C-terminal hemagglutinin (HA) epitope (YPYDVP
DYA). A Kozak core sequence was also included to allow optimal expression.

Purification of GST or His-tagged fusion proteins. Bacterial strain BL21
codon plus containing plasmids for the GST fusion or His-tagged proteins were
cultured overnight at 37°C and then inoculated at 1:100 into 100 ml of yeast
extract-tryptone medium culture (2XYT). Protein expression was induced for 3 h
by addition of IPTG (isopropyl-B-p-thiogalactopyranoside) at a final concentra-
tion of 0.1 mM when the optical density at 600 nm reached 0.6 to 0.8 at 37°C. The
cultures were then pelleted down at 8,000 rpm for 2 min at 4°C. The cell pellets
were suspended in 9 ml of phosphate-buffered saline (PBS) supplemented with
bacterial protease inhibitors (P3584’ Sigma), sonicated, and lysed for 30 min on
ice with 1% Triton X-100. The lysate was cleared twice at 11,500 rpm for 10 min
each time at 4°C, and the supernatants were incubated with glutathione-Sephar-
ose 4B beads (GE Healthcare) or nickel beads at room temperature for 1 h. For
GST fusion proteins, the beads were pelleted at 1,000 rpm for 1 min, washed
three times with PBS for 10 min each, and then suspended in 300 to 400 wl of
PBS. For His-tagged proteins, the beads were washed once with PBS, once with
binding buffer, and once with wash buffer. The proteins were eluted with 1 ml of
elution buffer at room temperature for 3 h. Yields were determined by SDS-
PAGE, followed by Coomassie blue staining.
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GST pulldown assays. To analyze the interaction of UL11 with gE, Vero cells
were transfected by means of Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Briefly, solutions of Lipofectamine 2000 (10 pl) and 5
pg of plasmid diluted in 1 ml of Opti-MEM (Invitrogen) were applied to Vero
cell monolayers in 60-mm petri dishes. The transfection medium was removed
after 4 h of incubation and replaced with fresh culture medium (1 X DMEM with
10% FBS). At 18 to 24 h posttransfection, the cells were harvested in NP-40 lysis
buffer (0.5% NP-40, 150 mM NaCl, 50 mM Tris-HCI [pH 8.0], protease inhibitor
cocktail [P8340; Sigma]), precleared with glutathione-Sepharose 4B beads for 2 h
at room temperature, and then incubated for 5 h at room temperature with
wild-type or mutant GST-gE.CT proteins immobilized on glutathione-Sepharose
beads. The beads were washed three times with NP-40 buffer for 10 min each and
boiled for 5 min, and the proteins bound to the beads were separated by SDS-
PAGE, transferred to nitrocellulose membranes, probed with proper antibodies,
and developed by ELC Western blotting system (Pierce).

In vitro binding assay. The in vitro binding assay was described previously (49).
Briefly, to determine whether UL11 and gE.CT and their derivatives have the
ability to interact directly, the purified GST-gE.CT and Hiss-UL11 derivatives
were incubated in 0.5% NP-40 lysis buffer for 5 h. The proteins bound to the
beads were washed three times with NP-40 buffer, suspended in 20-pl sample
buffer, boiled for 5 min, transferred to nitrocellulose, Ponceau S stained, and
then analyzed by immunoblotting with the anti-His,-GFP antibody.

Confocal microscopy. Vero cells grown on coverslips in 35-mm petri dishes at
50 to 80% confluence were transfected with UL11-GFP and gE or its truncation
mutants. Single transfections of each construct served as control. The cells were
fixed with 3.7% paraformaldehyde for 7 min, permeabilized for 15 min with PBS
containing 0.1% Triton-100 and 2% bovine serum albumin (BSA), and then
blocked with 2% BSA-PBS for 30 min. gE was stained with mouse monoclonal
antibody 3114 for 1 h at room temperature in a humid chamber, and washed
three times with PBS for 5 min each time. After incubation with secondary
antibody (Alexa 568-goat anti-mouse IgG) for another hour, the cells were
washed three times with PBS. Nuclear DNA was stained with DAPI (4',6'-
diamidino-2-phenylindole; Molecular Probes). The images were collected under
a Leica SP2 confocal microscope.

Construction of recombinant HSV UL11 and gE mutants. A BAC containing
the HSV-1 KOS strain genome was used and the detailed protocol to generate
a recombinant virus was described previously (3). Briefly, a galK expression
cassette was used to replace the target gene in the KOS BAC. Next, the galK
cassette was replaced with a DNA fragment. Correct clones were verified by
HindIIT digestion, PCR analysis, and DNA sequencing of the corresponding
region. The resulting BAC plasmids were purified and then transfected into Vero
cells with Lipofectamine 2000. After 3 to 4 days, the transfected cells were
harvested when showing cytopathic effects and used to infect new Vero cell
monolayers to produce a viral stock.

Viral growth assays. Six-well plates of Vero cells were infected with the
specified viruses at a multiplicity of infection (MOI) of 0.1. After 1 h of incuba-
tion at 37°C, the cells were first washed with acid buffer (135 mM NaCl, 10 mM
KCl, 40 mM citric acid [pH 3.0]), then washed once with DMEM, and finally
overlaid with 1 ml of DMEM containing 2% FBS. At the indicated times postin-
fection, the medium and cells from each well were harvested and treated as
follows. The medium was cleared of cells by centrifugation at 12,000 rpm for 1
min and frozen at —80°C. The cells were scraped into PBS, washed three times
with PBS, and freeze-thawed three times to release cell-associated viruses. Each
sample was titrated on Vero cells by using a standard viral plaque assay.

Virion incorporation assay. Vero cells were infected with wild-type HSV or
ULI11 or gE mutants at an MOI of 5. At 16 to 24 h postinfection, the medium was
collected, cleared at 2,500 rpm for 10 min, and then centrifuged at 26,000 rpm for
1h at 4°C in a Beckman SW41 rotor through a 30% (wt/vol) sucrose cushion (1.7
ml). The pellets were dissolved in 100 ul of 1X SDS-PAGE sample buffer, and
equal quantities of virus were loaded into an SDS-PAGE gel for Western blot
analyses.

RESULTS

Can GST-gE.CT pull down UL11 from transfected cells?
The initial evidence for UL11-gE interaction stemmed from
the coimmunoprecipitation experiments in which the UL11
tegument protein was coimmunoprecipitated with gE from
HSV-infected cells (16), suggesting that UL11 and gE are in a
complex of some sort. However, it is not clear whether any
other viral proteins are required for this interaction or whether



Vor. 85, 2011

A B. & &«
% Binding % &

.
-

WT UL11
70 37—
UL11.1-70 + A
50 —
UL11.1-50 ++
51
UL11.51-96 bt -
71
UL11.71-96 P -
- we -
UL11.51-70 =
Ponceau S staining
C. gE.CT GST Lysate
S © S~ X o QO L
S R & S Q3 S QL XN
AN P % N S P
$PFIETESEES s 885886

5 6 7 8 9101

FIG. 1. Mapping of the gE-binding region within UL11. (A) Dia-
grams of UL11-GFP and a panel of deletion mutants that were used
for GST-pulldown experiments. (B) GST and GST fused to the cyto-
plasmic tail of gE were expressed and purified from E. coli, followed by
SDS-PAGE and Ponceau S staining. (C) Purified GST-gE.CT or GST-
only were used in attempts to pull down full-length UL11-GFP and
mutants from transfected Vero cell lysates. Proteins bound to the
beads were separated by SDS-PAGE, transferred to nitrocellulose
membrane, and subjected to Western blotting with rabbit anti-GFP
antibodies (left panel). The right panel shows the expression level of
UL11-GFP and its derivatives in Vero cells. A summary of the results
is shown in panel A. WT, wild type.
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the interaction was specific and not an artifact of working with
a “sticky” protein due to hydrophobic fatty acids (16). To test
the hypothesis, GST pulldown experiments were performed.
The gE cytoplasmic tail (gE.CT) was cloned, expressed as a
GST fusion protein, and purified with glutathione beads. De-
spite codon optimization, the gE tail is heavily degraded (Fig.
1B), which is consistent with observations from other studies
(11, 45). Nevertheless, the gE tail was able to efficiently pull
down UL11-GFP (Fig. 1A, lane 1) from transfected Vero cell
lysates (Fig. 1C, lane 12). In contrast, the GST protein alone
did not (Fig. 1C, lanes 10 and 11). In addition to the full-length
ULI11-GFP, a fast-moving band was also pulled down by GST-
¢E.CT (Fig. 1C, lane 1). Because this product reacted with
GFP antibodies but was bigger than GFP (lane 18), it must
contain some portion of the C terminus of UL11, and possibly
a gE-binding site. Further, both bands were preexisting in
lysates (Fig. 1C, lane 12); hence, this was not degradation that
occurred after binding to the gE tail. Nevertheless, it is clear
that an interaction between UL11 and the gE tail can take
place in vitro, and this interaction does not require any other
viral proteins.

Is the interaction between UL11 and gE.CT direct? To ad-
dress this question, His,-tagged recombinant UL11 was made
and purified from E. coli as described previously (49). Various
amounts of His,-UL11 were incubated with GST-gE.CT beads
in NP-40 buffer for 5 h. The GST protein served as a negative
control. UL11 was detected with antiserum that recognizes the
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FIG. 2. Direct binding of UL11 to the cytoplasmic tail of gE. UL11
was expressed as a Hisq-tagged fusion protein. Purified GST-gE.CT or
GST-only were incubated with 2-fold increasing amounts of purified Hisg-
ULI11 in NP-40 lysis buffer at room temperature for 5 h. Proteins bound
to GST beads were washed with NP-40 buffer, separated by SDS-PAGE,
transferred to nitrocellulose membrane, visualized by Ponceau S staining
(A), and probed with rabbit anti-His, antibodies (B).

His, tag. As expected, GST alone did not bind to UL11 protein
(Fig. 2); however, GST-gE.CT was able to pull down His,-
ULL11 in a dose-dependent manner (Fig. 2). These data indi-
cate that UL11 directly interacts with the gE tail in vitro, and
no specific eukaryotic host factor is required for this interac-
tion.

Which parts of UL11 bind to the gE tail? The N-terminal
half of UL11 has been shown to strongly interact with UL16
(27, 49). To examine whether the same region also is important
for binding to gE.CT, a transfection/pulldown assay was per-
formed by using the construct encoding UL11(1-50)-GFP (26)
(Fig. 1A). The results revealed that UL11(1-50)-GFP was able
to bind to gE.CT (Fig. 1C, lane 3). However, the interaction
appeared to be weak since only a small amount of UL11(1-
50)-GFP was pulled down from cell lysates even though it was
well expressed, suggesting that the C terminus likely contains
the major gE-binding region. This speculation is reasonable
since the aforementioned fast-moving band containing a por-
tion of the UL11 C terminus was concurrently pulled down
with UL11-GFP by the gE tail. To test this hypothesis, the
C-terminal half of UL11 [UL11(51-96)] was fused to the N
terminus of EGFP (Fig. 1A) and expressed in Vero cells. As
hoped, UL11(51-96)-GFP, which also exhibited partial degra-
dation like UL11-GFP, was readily and efficiently pulled down
by GST-gE.CT (Fig. 1C, lane 4). Thus, the nonconserved C-
terminal half of UL11, which has not been assigned a function
before, confers the major binding to the cytoplasmic tail of gE,
at least in vitro.

In an attempt to pinpoint the critical residues in the C-ter-
minal half of UL11 responsible for gE.CT interaction, site-
directed mutagenesis was performed because of the small size
of the region. Twenty-one mutants (R53A, TS56A, R57A,
R61A, Q62A, R63A, R65A, S67A, SDP67RRA, DG68A,
DPP68RAR, R72A, H73A, T74A, H75A, R77A, T78A, T86A,
Q87A, F88A, and P90A) were created and analyzed, but no
obvious disruptive effect on UL11-gE interaction was observed
(data not shown). This prompted us to switch back to the
deletion mutagenesis approach. The mutants were made as
shown in Fig. 1A, and their binding abilities were tested in the
GST pulldown assay. The results demonstrated that residues
71 to 96, but not 51 to 70, strongly interacted with the gE tail
(Fig. 1C, lane 6). This result was also confirmed by the in vitro
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FIG. 3. Mapping of the UL11-binding region within the cytoplas-
mic tail of gE. (A) A series of gE-tail deletions were constructed as
GST fusion proteins. (B) The recombinants were expressed and puri-
fied from E. coli. Vero cells transfected with UL11-GFP or GFP-only
were lysed and incubated with the purified GST or GST-gE.CT pro-
teins described above. Bound proteins were separated by SDS-PAGE,
transferred to nitrocellulose membrane, and visualized by Ponceau S
staining. (C) Detection of UL11-GFP with rabbit anti-GFP antibodies.
(D) The purified GST fusion proteins were also tested for their ability
to bind to purified Hise-UL11. A summary of the binding results is
shown in panel A.
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binding assay with the corresponding His,-UL11-GFP mutants
purified from E. coli (data not shown).

Which part of the gE tail binds to UL11? To identify the
UL11-binding site within the gE tail, a series of truncation
mutants were made from GST-gE.CT (Fig. 3A). The recom-
binant proteins (Fig. 3B) were purified from E. coli and used in
attempts to pull down UL11-GFP from transfected Vero cell
lysates. As shown in Fig. 3C, the first 28 aa, but not gE.CTA1-
28, were found to be sufficient for the interaction (Fig. 3C).
This result was further confirmed by the in vitro binding assay
(Fig. 3D).

Do UL11 and gE interact in transfected cells? To test
whether UL11 and gE can actually interact within mammalian
cells, cotransfection experiments were carried out. When
ULI11-GFP was expressed alone, it was strongly perinuclear
localized (Fig. 4B), and no obvious nuclear membrane staining
was observed. In contrast, gE expressed by itself was on the
nuclear membrane with speckles throughout the cytoplasm
and in the perinuclear region (Fig. 4B). When the two proteins
were coexpressed, UL11 appeared to reorganize gE to be more
perinuclear, while UL11 was also colocalized with gE in speck-
led structures in the cytoplasm (Fig. 4C). To ascertain whether
the gE tail mediates the interaction, two mutants were con-
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structed: gEACT and Src.gE.CT.HA (Fig. 4A). The gE tail
truncation mutant was created by adding a stop codon right
after the gE transmembrane domain. Unfortunately, this mu-
tant was expressed poorly in Vero cells, and thus we could not
assess the colocalization relationship (data not shown). For
Src.gE.CT.HA, gE.CT has a HA tag on the C terminus of the
¢E tail sequence, and a 10-aa membrane-binding sequence
from the Src oncoprotein on its N terminus to provide a mem-
brane anchor. When expressed by itself, Src.gE.CT.HA did not
appear on the nuclear membrane but showed a dispersed pat-
tern in the cytoplasm (Fig. 4B). When coexpressed, UL11-GFP
was well colocalized with Src.gE.CT.HA in speckled structures
in the cytoplasm (Fig. 4C), suggesting the gE tail alone can
interact with UL11 in vivo.

The in vitro experiments described above demonstrated that
the first 28 aa of the gE tail are sufficient to interact with UL11.
To test whether the same is true in vivo, we generated a gE
truncation mutant that retains the first 28 aa of the gE tail (Fig.
4A). When expressed alone, gEACT28 exhibited an ER-like
pattern extending outward from, but concentrated more
around and on, the nuclear membrane (Fig. 4B). In contrast,
when coexpressed with UL11-GFP, the distribution was dra-
matically changed for both proteins, resulting in a perfect co-
localization relationship (Fig. 4C). Thus, the UL11-gE inter-
action can also occur within cells.

Is UL11 needed for incorporation of gE into virions? This
question was addressed to test the relevance of the UL11-gE
tail interaction. The ULI11-null mutant AUL11 (Fig. 5) was
described before (3) and exhibited about a 2-log reduction in
infectious virus yield compared to wild-type HSV at an MOI of
0.1 (Fig. 6A). Vero cells were infected with the wild-type or
AULI11 strains at an MOI of 5, and the virions from extracel-
lular medium at 24 h postinfection were pelleted through a
30% sucrose cushion and analyzed. The infected cells were
also harvested to analyze the intracellular expression level of
various proteins. The sample volumes were normalized based
on the level of VP5 and analyzed by immunoblotting. Deletion
of UL11 dramatically reduced the packaging level of gE (Fig.
7A), and quantitative analysis revealed a reduction of more
than 80% (Fig. 7B). The decreased packaging efficiency was
not due to the reduced intracellular expression since the ex-
pression levels were comparable (Fig. 7A). To test whether this
phenotype is specific to gE, we examined the packaging of gD,
which also has been reported to interact with UL11 in some
manner (16). In contrast to gE, the packaging level of gD was
only reduced by ~20 to 30% (Fig. 7). Since there is a possibility
that high MOI infection at 24 h postinfection may result in
release of a substantial number of capsids into media that may
confound the experiment results, we also tested other time
points (16 and 20 h) for virion incorporation analysis and the
results were consistent (data not shown). To test the possibility
that the effect on gE was due to unintended mutations in the
virus genome, we analyzed a revertant construct, U1 (Fig. 5), in
which U, 11 was reinserted into the U, 35 locus of HSV AULI11
(3), and this restored the packaging level of gE (Fig. 7). Thus,
we conclude that the observed phenotype is specific to gE, and
ULI1 is required for efficient virion incorporation of gE.

Is the packaging of UL11 dependent on the cytoplasmic tail
of gE? To test whether the absence of gE has a mutual effect
on ULI11 packaging, we constructed a gE cytoplasmic tail de-
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FIG. 4. Colocalization analysis of UL11 and gE. (A) Summary of the gE constructs used in the present study. Vero cells grown on coverslips
were transfected with plasmids that express gE constructs alone (B) or cotransfected with a plasmid that expresses UL11-GFP (C). At 16 to 18 h
posttransfection, the cells were fixed and permeabilized prior to staining with a gE mouse monoclonal antibody or a monoclonal antibody specific
to the HA epitope. The primary antibodies were located with a secondary goat anti-mouse IgG antibody conjugated to Alexa 568. Nuclei were

stained with DAPI (blue). The cells were viewed by confocal microscopy.

letion mutant (gEACT) by adding a stop codon between those
for residues W,,, and R,,,, right after the transmembrane
domain. The gEACT mutant exhibited an ~1-log decrease in
production of infectious virions at an MOI of 0.1 (Fig. 6A) and,
as expected, a faster-moving form of gE was detected in both
virus-infected cells and virions (Fig. 7A), but the amounts were
very low, suggesting that gEACT is unstable in infected cells, as
it was in transfected cells (see above). We then analyzed the
gEACT virus for the packaging of UL11. Because UL11 con-
tains the signals necessary for membrane binding and traffick-
ing to the TGN (26), where budding takes place and it encoun-

ters UL16 and other binding partners, it seemed unlikely UL11
would also need to bind gE to be incorporated. Quite surpris-
ingly, the packaging efficiency of UL11 was severely reduced
(>80%) in the absence of the gE tail (Fig. 7), even though the
intracellular expression level of UL11 was roughly equal to
that of wild-type virus (Fig. 7A).

To test whether the packaging defect is specific to UL11, we
examined two other proteins: VP16 and VP22. VP16 is bound
to capsid and does not bind to gE but is a binding partner of
VP22 (14). As expected, deletion of the gE tail did not affect
VP16 packaging (Fig. 7). VP22 is one of the most abundant
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FIG. 5. Mutant viruses used in the present study. A gE-tail trun-
cation mutant was constructed by inserting a stop codon in Ug8
immediately after the coding sequence for the transmembrane do-
main. The UL11-null mutant (AUL11) was created by deleting the
codons 31 to 96 but without altering the overlapping and essential
Up12 gene. The mutants Ul, UL11(Myr-), UL11(Myr-)-GFP,
UL11(CCC-), UL11(CCC-)-GFP, and UL11(AC-)-GFP were con-
structed independently from the mutant AUL11 by replacing U, 35
with the respective UL11 alleles. UL11 mutants LI-, AC-, nefAC,
and furAC were made by deletions or substitutions as shown in the
diagrams. UL11A71-96 was constructed by removing codons 71 to
96 and, similarly, replacement of codons 71 to 96 with the GFP-
coding sequence was to construct UL11A71-96-GFP. The relative
location of the BAC sequence is indicated.

tegument proteins in the tegument, and has been shown to
interact with the cytoplasmic tail of gE (16, 41). Also, it has
been reported that VP22 is recruited to the membranes in a
gE-independent manner (8). Hence, it seemed possible that
packaging of VP22 would not be dependent on gE, and that is
what we found for the mutant gEACT (Fig. 7). This finding is
also consistent with a recent report that demonstrated that gE
is not required for VP22 packaging as measured in a transfec-
tion/infection assay (40). Thus, we conclude that the gE tail is
required for efficient UL11 incorporation.

Is the C-terminal binding site in UL11 required for gE
packaging? UL11 residues 71 to 96 exhibited a strong interac-
tion with the gE tail in vitro. To ascertain whether this region
is responsible for the crippled gE packaging observed for the
UL11-null virus, a recombinant lacking these residues was
made (Fig. 5), which possessed intermediate growth kinetics
compared to the wild-type and UL11-null viruses (Fig. 6A).
This mutant was examined for gE packaging, which was found
to be reduced by only 20 to 30% (Fig. 8C). This intermediate
level is reasonable to some extent considering the fact that
ULI11 appears to contain two gE-binding regions. However,
this could also be explained by the reduced stability of the
truncation product since it was not detectable in either virion
particles or infected cells (Fig. 8A and B). To further clarify the
role of residues 71 to 96, we generated a derivative of this
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FIG. 6. Multistep growth curves of selected UL11 mutants. Vero
cells were infected with the specified viruses at an MOI of 0.1 for 1 h
at 37°C and then washed with citrate buffer to inactivate the viruses
remaining on the cell surfaces. After being washed with DMEM, the
cells were overlaid with 1 ml of DMEM containing 2% FBS. At the
indicated times postinfection, media and cells from each well were
harvested and analyzed by plaque assay to determine the intracellular
and extracellular viral yields, which were added together to produce
these graphs. (A) UL11 and gE-tail deletion viruses. (B) Acidic cluster
mutants.

mutant that has GFP linked to the C terminus immediately
after residue 70 (Fig. 5). As hoped, the truncation product
UL11(1-70) was stabilized and readily detected in both in-
fected cells and virion particles (Fig. 8A and B). Again, we
analyzed the gE packaging level and were surprised to find that
it was completely restored to the wild-type level (Fig. 8C),
suggesting that UL11(71-96) is not essential for efficient pack-
aging of gE despite its strong interaction with the gE tail in
vitro. Thus, these results suggest that, in the absence of the
ULI11 C terminus, gE packaging may be recruited through the
N terminus of UL11, which was also capable of interacting with
the gE tail (Fig. 1C).

Which part of the N-terminal half of UL11 is needed for gE
packaging? Rather than deleting the entire first half of ULI11,
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FIG. 7. Interdependent packaging of UL11 and gE into virions.
(A) Analysis of the virion compositions of wild type, gEACT, U1, and
AULI11. Extracellular virions were purified from infected cell media,
and virion proteins were separated by SDS-PAGE and probed with
antibodies against VPS5, gE, gD, VP22, UL16, and ULI11 (left panels).
The infected cell lysates were also analyzed for the expression levels of
these proteins (right panels). (B) The amounts of gE, gD, VP16, VP22,
UL16, and UL11 in the mutant virions were quantified and normalized
to the level of the respective proteins in the wild-type virions. The data
represent at least three independent experiments. WT, wild type.

we instead examined the contributions of specific sequence
motifs in this region that are required for its known functions
of membrane binding, trafficking, and binding to tegument
protein UL16 (4, 26). Four mutant viruses [UL11(Myr-),
UL11(CCC-), UL11(AC-), and UL11(LI-)] were investigated
(Fig. 5). Mutant UL11(Myr-) lacks the N-terminal glycine that
is normally myristoylated to provide weak membrane binding,
which in turn enables subsequent palmitoylation of nearby
cysteines (4). Thus, the UL11(Myr-) protein lacks both fatty
acids and is not capable of binding membranes (4). Mutant
UL11(CCC-) lacks the cysteines that are normally palmitoy-
lated to provide stable membrane binding and enable entry
into lipid rafts (4). This mutant weakly binds membranes be-
cause it retains the site of myristoylation (4). Mutant
UL11(AC-) lacks the acidic cluster, which is needed for traf-
ficking out of lipid rafts (4) and is also the binding site for
UL16 (27), a tegument protein that also binds to capsids and
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tegument protein UL21 (19, 36). Mutant UL11(LI-) lacks an-
other motif that is needed for trafficking out of lipid rafts (26).
As for growth properties, UL11(Myr-) and UL11(CCC-) rep-
licated slightly better than the UL11-null mutants and have been
previously described (3). UL11(LI-) showed slight decrease in
virion production and formed plaques similar in size to the wild-
type virus (data not shown). In contrast, UL11(AC-) behaved just
like UL11-null mutant and exhibited indistinguishable growth
kinetics (Fig. 6B).

Analyses of infected cells and progeny virions revealed only
one mutant that behaved like the wild type, UL11(LI-). It
expressed normal amounts of UL11 (Fig. 8B) and packaged
normal amounts of gE (Fig. 8A and C). Unexpectedly, mutant
UL11(CCC-) also packaged normal amounts of gE (Fig. 8A
and C), even though its UL11 derivative could not be detected
in cell lysates or virions (Fig. 8A and B). This suggests that only
a small amount of UL11 is needed for helping gE to get
packaged, and entry into lipid rafts is not a requirement. In
contrast, mutants UL11(Myr-) and UL11(AC-) were severely
impaired for gE packaging (Fig. 8A and C); however, in both
of these cases, expression of the UL11 derivative was very low
or not detectable (Fig. 8B). In an attempt to increase stability,
GFP-tagged versions were constructed for these mutants and
also for the UL11(CCC-) mutant (3) (Fig. 5). For all three
viruses, the mutant proteins were expressed at levels that were
even higher than wild-type UL11 (Fig. 8B), which was in part
due to placement of the alleles in the U, 35 locus (3) (Fig. 5).
As expected, mutant UL11(CCC-)-GFP exhibited normal gE
packaging, like its untagged parent (Fig. 8A and C). In con-
trast, the other two GFP-tagged viruses exhibited different and
surprising phenotypes. First, mutant UL11(Myr-)-GFP ac-
quired the ability to package normal amounts of gE (Fig. 8A
and C), even though this derivative is unable to bind mem-
branes on its own (3). Together with the results of mutant
UL11(CCC-), it appears that only small amounts of UL11 are
needed for gE packaging, but in the absence of both fatty acid
modifications, higher expression levels seem to be necessary
for driving UL11 to where it is needed. Second, mutant
UL11(AC-)-GFP remained incompetent for gE packaging
(Fig. 8A and C) even though its UL11 derivative was expressed
at high levels (Fig. 8B) and is capable of binding membranes
(4). This finding indicates that the acid cluster of UL11 is
critical for gE packaging. To rule out the possibility that the
observed gE-packaging defect may stem from secondary mu-
tations elsewhere, we analyzed a UL11(AC-)-GFP revertant,
UL11-GFP, in which the acidic cluster was restored. The result
revealed that the AC reversion completely restored the pack-
aging of gE to wild-type level (data not shown), suggesting that
the acidic cluster is the sole factor responsible for the observed
defect.

The acidic cluster of UL11 is well known to be the major
determinant for binding of UL16 (27), but it is also utilized by
host factors for membrane trafficking when UL11 is expressed
by itself (26). Acidic clusters from the Nef and furin proteins
have been shown to substitute for that of UL11 with regard to
the trafficking function (26), but these foreign sequences are
not recognized by UL16 (28). To distinguish between these two
functions in regard to the packaging of gE, recombinant vi-
ruses were constructed in which the UL11 acidic cluster was
replaced with those of Nef or furin (Fig. 5). Both mutants
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formed small plaques comparable to UL11 AC-null (data not
shown) and exhibited reduced growth kinetics (Fig. 6B). The
ULL11 chimeras were expressed at somewhat reduced levels (10
to 30%) relative to the wild type (Fig. 8B), but their packaging
was reduced by >95% (Fig. 8A). With regard to gE, the for-
eign acidic clusters only partially restored packaging (10 to
20% increase), which is well below the wild-type level (Fig. 8A
and C). This suggests the possibility that UL11 may work with
UL16 for packaging gE into virions. Consistent with this, mu-
tants lacking the native acidic cluster (AUL11, AC-, nefAC,
and furAC) exhibited reduced packaging of UL16 (Fig. 8A),
even though the expression levels were normal (Fig. 8B).
Moreover, the gE species expressed by these mutants ran
faster, indicating less extensive modifications of their carbohy-
drate side chains and limited movement through the secretory
pathway. Thus, UL11 and UL16 may be needed to move gE to

the site of budding rather than—or in addition to—providing
bridging interactions with the capsid.

DISCUSSION

Although ULI11 has been suggested to play an important
role in HSV secondary envelopment, little is known about the
underlying mechanism. Dissection of its interaction network
represents a useful and meaningful approach to better under-
stand the function of this protein during the HSV life cycle.
The experiments described here strongly support the sugges-
tion that UL11 and gE are in some sort of a complex, as
suggested previously (16), but go much further by showing that
the interaction is direct and by mapping the sequences involved
in both proteins. Interestingly, the previous study (16) mapped
the UL11-binding region to the C terminus of the gE tail
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between the gE residues 495 to 550 in contrast to the residues
445 to 472 determined here. This discrepancy likely stems from
different systems that were used for mapping the binding do-
main. The former was done under virus infection conditions, in
which many other viral factors would compete with UL11 for
binding to the gE tail, and could potentially confound the
results. Also, we discovered that UL11 and gE are codepen-
dent for packaging. This finding was unexpected since both
ULI1 and gE have been thought to possess the necessary
signals for trafficking to glycoprotein-enriched TGN, where the
cytoplasmic tails of viral glycoproteins interact with tegument
proteins to bridge tegument-coated capsids to membranes.
Our data clearly suggest that, in the context of virus infection,
something more is required. Thus, the virion packaging is not
a merely passive, but rather a highly active and selective pro-
cess, which is driven by specific protein-protein interactions.

The underlying mechanism of how the UL11-gE interaction
facilitates mutual packaging is not clear; however, some clues
may be extrapolated from the present study and work done in
the past. We speculate that the observed dual packaging de-
fects seen in the absence of either of the two proteins likely
reflects a block in trafficking or complex formation. We hy-
pothesize that UL11 and gE, together with UL16, need to form
a complex before trafficking to the final budding compartment
within TGN. The complex likely contains some other proteins
such as UL21 and VP22, which in return may recruit cellular or
viral factors that promote the trafficking to the budding niches.
When either of the key components is missing, the transport
complex will become loose or fall apart and a defect will arise.
In support of this hypothesis, we noticed that the cell-associ-
ated gE exhibited less abundance in the slower migrating,
mature form in the UL11-null and AC- mutants (Fig. 8). This
suggests that UL11 may be needed for moving gE through the
secretory pathway, where it becomes more heavily glycosylated
on the way to the site of cytoplasmic budding.

The acidic cluster of UL11 appears to play an important role
in regulating either complex formation or trafficking. Deletion
or alteration of this motif resulted in a complete loss of func-
tion of UL11 in terms of growth kinetics (Fig. 6B) and plaque
formation (data not shown). Stabilization of UL11(AC-) with
GFP even had a negative effect on gE, UL16 packaging and
viral growth rate despite the fact that UL11(AC)-GFP was well
expressed (Fig. 6B) and retained the ability to bind gE as
demonstrated by GST-pulldown assays (data not shown). Fur-
thermore, replacement with foreign acidic clusters (nefAC or
furAC) only partially rescued the viral growth curve, and the
mutants were still defective for packaging UL11 and gE (Fig.
8A). One explanation is that foreign ACs direct UL11 to in-
correct locations. The second explanation is that the authentic
AC is required for recognition of UL16 (27), which may be
part of the complex with gE and UL11. In support of this, we
have shown that UL11 interacts with UL16 via its N terminus
(49) and with gE via its C terminus (the present study). Thus,
ULL11 may serve as an adaptor protein to recruit UL16 to the
¢E complex, although it is clear from the data shown here that
UL11 and gE can interact by themselves. Moreover, the com-
panion paper (50) shows that UL16 also binds directly to the
cytoplasmic domain of gE. Therefore, it is reasonable to as-
sume that the three may form a tripartite complex during HSV
infection. Further support for the involvement of UL16 is
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provided by its reduced packaging (~50% as shown in Fig. 7TA
and B) when the tail of gE was absent. Thus, a stable complex
may be critical for individual protein trafficking and packaging
besides that they may help recruit cellular sorting factors to
promote trafficking.

VP22 may also be a part of the complex. As a binding
partner (41, 45), VP22 is also critical for gE packaging as
shown by a viral deletion mutant (13), although VP22 does not
require gE for packaging of itself. Interestingly, instead of gE,
we noticed that deletion of UL11 had some effect on VP22 in
which the packaging of VP22 was reduced by 30 to 50% (Fig.
6B), suggesting that there may be some link between UL11 and
VP22. Although there has been no report regarding whether
ULI11 or UL16 can interact with VP22, it is possible that they
may work synergistically to promote the trafficking and pack-
aging of the complex. Certainly, in addition to the above-
mentioned mechanisms, the gE packaging also involves a path-
way that is independent of the gE tail since the gEACT mutant
can still package certain amount of gE (Fig. 7). This is perhaps
mediated via the interaction of the gE extracellular domain
with gl and other glycoproteins.

Finally, the UL11-gE interaction and the proposed complex
may have significance in gE-mediated cell-to-cell spread in
addition to their important role in the secondary envelopment.
Early in the infection, gE stays on nuclear membrane and
around the TGN, but later it traffics to lateral cell junctions
(34, 48). However, transfection of gE alone or cotransfection
with gl does not lead to steady accumulation of gE on the cell
surface (34), suggesting that other viral factors are likely in-
volved in the gE transport. Mutants lacking the tail of gE tail
behave just like the gE-null mutant in forming small plaques
and being deficient in cell-to-cell spread (16), suggesting that
the gE.CT is a driving force for gE-mediated lateral spread.
Therefore, it is likely that the binding partners of the gE tail
work in concert to assure the function of gE. Consistent with
this hypothesis, UL11, UL16, and VP22-null viruses all form
small plaques with sizes similar to as gEACT (13, 16). More-
over, VP22 has been shown to facilitate cell-to-cell spread in
vivo. It has been proposed that gE on the virions may interact
with receptors on cell surface at cell junctions (11, 42). If that
is the case, efficient gE virion incorporation by UL11 will surely
help HSV virion move across cell junctions.

In summary, we have described in detail the interaction that
occurs directly between UL11 and the cytoplasmic tail of gE.
We have identified a new function for UL11 in glycoprotein
acquisition and another role for gE in tegumentation. The
present study sheds light on the highly active and selective
nature of herpesvirus secondary envelopment and may also
have important implications for the role of UL11 in gE-medi-
ated cell-to-cell spread.
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